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harbou  t  i  b  r « ■  re  i  nfon*t*tI  plasties  fCFRl')  art-  siroiv^,  sti*t  w-\  !  t  *bt  ,  .o.-d 
a!  t-  f  h-.  rt'i  or<-  In-  i  nr  used  i  nc  reas  i  n>;  l  v  in  aircraft  s!  rn>  lurrs  :  •*  s a  v  •  •  ^  .»:;<!  *. 

imp t  ■.-ve  r  •  •"SMt'ov  .  Ilowt'wr  ,  t  lu  \  u  1  i  not  cut  i  a  1  of  '.hi  sr  mat  er  i  a  \  s  •  a- :: -r 

r .  i!:sfi  can--.  r  lu-v  an*  sij  s.:  ep  t  i  b  I  •  ■  io  f  dam. me.  In  .  <  : ;  '  1 1  ,  •  r- . !  k  t- : . 

:  i  b  r  i  ■  s  :  :  i  :  j ,  ;  a  (  !  v  roiaa-  i  he  t  •.  as  i  !  e  s'  ri  a.-;  !is  o :  CI-'Rf  i  an:  i  oa  t  .*  s  .  a  . ;  d  i  1  a";  i  i:.i- 

'  i  ••!>■■«  r  <v:  ?■  e  tin-  v  empress  i  ve  strengths.  iYr  ihhc!  r.itni  I  ami  oat  es  tin-  « i  a:*i  .a  i 

.  I.'.;!  v  v  i  s  i »  !  and  ?  in-  rnlurt  ion  in  strength  is  similar  •  >  iii.il  for  machined 
.  j :  •  l  *  -in*.  !•  i'  low  .-nerc  v  imp  id,  produced  by  d  ropped  to«-!s,  runway  st  cat.--  •  r 

■  n  i  :u  m-n,  ?'•  b  ifi  !v  visit'll-  impact  dan\tj»e  (HVID)  ran  si/iii :  i  an’  !  v  r  i  e 
la.-  ■  r  i  ?  r  t  :  :  *  j  and  cannot  be  seen  roadilv  on  i  aspect  ion . 


!  b.  [•'  .  *:•  :•  -rono  SM'AbOl,  comprising  DFVJLR  of  f.ermany,  Ni.R 

a  IS  YcRA  .ma-  and  RAM  of  law-land,  was  for  mod  to  investigate  the  impact 

'ir-  ..  .  :  o:«j  oi.  .  .••  * TRi*  laminates,  to  characterise  and  improve  their  per f ormanci  . 
i-'  ia  !  ■  :  :  ’  i  v  a  ri-,  tin-  /.loop  l  o..us‘>i'd  on  3V1I)  and  on  the  nossibiiitv  of 

h  :r-\  S'V  1 ; •  un.:»  r  ta».  ivin*  loading,  using  conation  materials  and  test 
par  a- .•*  or  a  to  *  i » : ;  •  i  r  *;  that  «  :  ».  four  laboratories  produced  similar  results*.  In  , 

,  \  h»  \  ah. -r  at  .-r  i  es  studied  ..  wider  range  of  mite-rials  and  test 

t-.it  .as,  -sir.  in  i  :-or*  !  i  i .  i  i  i « •<.:  study  of  damn. a  -rowtli  and  invest irat  im: 

:  i!  inpr.'V*:  s  i;:  !r  a/.-  tolrram  f  !  ■*.  usinr.  hvbria  laminates"  \ 
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i .  1  at  ’  Ihre/et'i-v.v  <  rdOC'/n  l  -*r'»  prepre>;  was  obtained  from 
moulded  into  laminate.;  wit:*,  a  |n,  hf),  0,  *  4  s ,  0|  s  lay-up  at 
"M.  1  i*:i  i  narv  im. tests  with  well  specified  drop- 

i  site.:  a  '.II'  threshold  ot  Id,  which  had  little  effect  on 
ninth  but  which  s  i  pp  i  f  i  can  t  I  v  redueei  the  residual  com- 
im*  cs,  with  and  witiioiit  fliis  HVII),  were  tested  under  iully 
■i  ‘in,-  <R  •  -  i  i  ,  asiny’  spec  i  lie-1  ant  i -buck  l  i  m:  guides. 

'■  dorinate!  !>v  the  • -empress  i  v.'»*  1  oad  i  ny*  and  the  S-N  evirves 
*  :  ah.  ■  ra  t  -  r  i  i  s  .  I'h.-ro  was  i  marked  reduction  in  faticue 

i  but  tin  S-N  >  urve  tor  the  damn 

i  es  t  her-  was  little  -lit  t  eronc 
1  <  u  ii  ud  i”  e,- 1  !  sp«-t  i  mens  . 
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Hu*  so  results  wen-  encouraging  tor  the  application  of  CKRP  in  aircraft 
st  rueturis  hut  more  work  was  needed,  over  a  wider  ranee  of  variables,  ht-t  urr 
general  coin,  lusions  on  l  he  impact  damage  tolerance  of  carbon  fibre  composites 
could  be  drawn.  This  was  to  be  the  aim  ot  phase  two. 

>  PHASF  I  WU 


As  a  result  ot  phase  1,  members  of  the  group  1  ron  l  hi-  lour  1  ah. -ra :  of  !•• 
drew  up  the  proposed  programme  outlined  in  Table  1.  Modi! ii aliens,  bole  a:: 
and  deletions,  were  made  as  the  work  proceeded,  but  it  embodied  r  !i. 
outlined  <  see  iables  ,  1  and  4).  A  common  core  m|  tile  prog  r  a:v.r«-  w  is  :  j-e 
I’  iOO/ 0 1  4  TK;>  material  with  the  common  [  (  •  o)  0,  I  c  lav  — in,  i\A!\ ,  NI  R  i..  i  I'd 


i  nve st  i  gat  e>! 


improvements  bv  'isimt  woven  fabri. 


m  '.v:  M.1S.  IV.: 


includ-d  T  j!  )f>  ' ')LM)8  and  DKYl.K  included  T  HK)/(lode  ha  as  ns r  i  >:  vari  it  iv:-.  N!  -t 
included  A  KALI  to  compare  its  per  formanre  with  that  of  <KRL  laminate^.  RAT , 
and  PFYLR  studied  different  lav-up  -.Meets.  ONF  RA  *  and  *'KVI  R  varied  tin  : 
lions  of  impact.  ONKRA  and  RAF.  ineluded  machined  holes  tor*  compari-on.  TV 
NLK  si  idled  rtsiduil  '-t.it  i  \  strengths.  ONKRA,  N!.R  and  PFVl.R  •'letisurr  !  r.  -i,:.: 
fatigue  properties  at  R  -  -I  an<l  ONKRA  did  add  i  t  ioui!  test  i  nc,  jt  R  i ' ) ,  A1! 

lour  l  ab-ora  Lor  i  es  used  ultrasonic  (-scan  facilities  to  ::i<  isure  imps  -r  danse.  , 
ONKRA  md  NI.R  mo,i i  t . *red  damage  growth,  and  NI.R  prepared  some  p-dislu  1  i,r-u'S- 
sec  i.  ii.jus  through  damaged  regions. 

MATERIALS 

The  leur  1  abora  t  or  i  es  had  a  cor.cnon  batch  of  unidir«*«  tionai  t '  ‘ !  > )  •  irb  ■■ 
Tibre/cpoxy  prepreg  material  from  Ciba-(ieigv  Ltd,  designated  1-  i  hredux 
1  a;;-TS-r)-  347 ,  comprising  T300  carbon  fibres  in  HSI.  P 1  At’  resin,  in  the  ?  ■  *  l  ::  - 
warp  sheet  MO  mm  wide  with  a  moulded  thickness  of  0.12!)  mm  and  a  fionin.i!  ■  i! 
volume  fraction  of  bOZ , 

In  addition,  other  preimpregnated  materials  were  obtained  (o  -:ud\  ;  - 

improvements  in  impact  damage  tolerance  by  mixing  materials  to  lot*:"  T.briU. 
DFVhR  used  UP  K-glass  fibres  in  914  epoxv  (914(;-K-S1  and  a  wo\  .  n  1  100  irhoa 
fibre  fahri  •  ■  in  914  epoxy  ( 9 1 4-0-8 1 4NT)  .  NLR  and  RAF  used  r-rmi-'ii  bitches  ■  : 

woven  carbon  fibre  fabric  in  914  epoxv  f  P I  4L-Bro<  h  i  e  r  (]-  ,S0  7-  1  '*  7  )  ,  .i  i,vve.  u  a 

t  ibre  rabric  in  914  epoxv  (9)4C-Kovlar  tvpe  289- >  77’)  and  i  class  !  ibr.  :  ihri. 

1  *  i  '*  epoxv  (  91  4C-t;778  I-29!7  )  .  ONKRA  bad  a  batch  of  I'D  T  UVW  4  .’Os  ,•  irhori  tibia  • 

from  N  irmco  ,ind  DFVhR  had  a  batch  of  I'D  'MOO/tade  BP  carbon  I  i  hi  e/ on*  !  r  on 
Lothergill  aid  Marvev  I.rd,  t  o  compare  with  the  Thifi/Pl  ♦.  The  fabri-  s moulded 
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slightlv  lower  fibre  volume  fraction  of  about  55^.  In  hybrids,  where  fabrics 
replaced  UD  plies,  one  layer  of  fabric  replace<l  two  10  plies,  either  10,90)  or 

1  1  -4  5  /  . 

NUR  included  an  AKAHH  (aramid  r*- i : • ;  .-reed  aluminium  a.ll  'v)  designed  on  tin- 
basis  of  erpia  I  weight /surf. ice  area  ;  om;).-)  r  ed  with  tin-  'protected*  base  laminates, 
resulting  in  a  built-up  laminate  c  nsistiuc  «  f  three  0.  JSnr.  layers  ot  7075-Tb 
aluminium  allov  sheef  and  twc  intermediate  ''.Jrim  lav* rs  .»f  "!)  aranid  reinforced 
adhes i ve . 

Tile  materials  *vrt  laid  up  In  the  t.ia  king  sonnem -  s  sh-vu  in  Tables  I  to  -* 
and  m'ulded  in  ant.-  ’  >ves  in  tin*  tour  :e:;n  *  r  i  e>  .*•»  the  :u  ce::jr-e...jed  cure  i- 'hcdu  1  e<> . 

me  basic  iavinat*  properties  are  ivep  •  n  Tablis  and  in  V  i  c,  s  I  and  2, 

others  mav  be  read  f r * -m  residual  strervtii  curves  for  nr.  i:..p.n  t  e:\er.-v  or  from 
S-b  fatigue  arves  a*,  one  cvcle. 

The  base  1  ar.  i  n.i  l  es  ,  I  I  *  -*  • )  with  *d) *  de  •  p  !  i  es ,  had  tensile 

streiir'hs  between  bdO  and  ••?'*  Mia.  With  nor-  u:  spelled  0  iev  pl  ies  fl  ic  !  . 
i  iv-ups  I--  and  <  i  ;  he  tensile  s  t  renc  t  h  >.  v»-r.  s- 1  i  J  v  lover  »;  undt  r  *00  Ml’u. 

!<•■;>  I  a-*  i:ig  the  -s  dec.  ear  bon  fibre  plies  w  i  *  h  carbor.  tier*  ,  arm. -ic.  fibre  or  'lass 
tihr*  fabrics  cave  increased  tonsil*  strinrths,  rspe*.  i.illv  with  the  nioro  dis¬ 
pel-  a*i!  «»  dec  plies.  '1  hi  s  indicates  t  •  ■  it  shear  cracks  pariilel  t«  the  fibres  in 
:  Pe  -o  deg  carbon  fibre  plies  applied  stress  concent  ra :  i  ons  t  o  the  0  deg  1  cad 

•  icrviac,  plies.  1'his  would  be  less  apparent  in  the  base  laminate  where  the  0  den 
’’lies  were  in  a  bic-k  of  eight  plies,  and  when  the  nS  lea  plies  were  fabric  where 
shear  cracks  would  be  shorter  and  more  dispersed. 

The  1  (him  centre  notches  (Hi-  1)  ruin*  ed  the  tensile  strengths  to  approxi- 
::;a  t »  !,  iia  1 1  those  of  (lie  utuii  •  f  <  hed  laminates,  with  flu-  exception  of  one  specimen 

•  >:'  1  iv-up  A  in  which  extensive  d*  lamination  effect  iveiv  decoupled  the  0  deg  and 

'»  *  dec  plies.  However  t  h-  :ailur«*  loads  indicated  toughnesses  of  1*0-50  MPa/m, 
wijicn  compares  favourablv  with  thick  sect  ions  o!  other  tough  structural  materials, 
nut  is  c  ons  i  d*  ra  a  !  v  less  than  t  « Highness  values  ol  thin  sheet  aluminium  alloys. 

Ac. a  in  the  He  t  r  i  m«*n  t  .*  1  it  1 1  •  is  ot  id  shear  cracks  in  lay-ups  B  and  C  can  be  seen 
>  learlv.  Hi-’  1  show's  ultrasonic  r-seans  ot  not  *  died  tensile  specimens  after 
test  ino.  1  he  del  imi nation  in  lay-up  A  shows  clearly  and  this  cave  good  notched 
•«  t.  relict  h .  Tin-  Hi  dc.  crack  in*’  i  •.  evident  in  lay-ups  B  an*l  C »  resulting  in  lower 
tail  ere  sir*-,  .es.  The  use  ol  4»  fabrics  in  lav-ups  1)  to  I  clearly  reduced  the 
incidence  id  .;«•••  crack  ir.  *  and  » l lowed  a  certain  amount  ot  (i  dec  cracking  which 

i  s  ::i< '  .  1  *•  I  !  ee  ’  i  e  1  n  1  Iil'ic  ill,  tile  S  t  l’e  s  rclto  ill  I'.it  l"'l  a  ■  or  i  a  t  e b,  with  t  lie  not  c  h  . 
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The  ARA1.I.  fTable  5)  li.nl  a  tensile  strength  < » *  Ml'.i,  sinil.r  '  i: 

l  In*  i’FRP  laminates,  but  with,  a  failure  strain  over  twice  a  -.  re<t,  i i  •  a ».  ! 
s  i  gn  i  f  .  rant  ;>1  astir  strain. 

Compressive  strengths  were  lower,  between  hub  and  a*  M:'i,  a  :  i-  .. 

■  ase  '.he  laminates  with  the  more  dispersed  0  dee,  plies  guv-  1  tie  !ii  •  .!  . 

\  Y  i  •.*  J,  lav-ups  H  and  (’)  .  Fig  2  shows  the  import  ano  oi  tin  res-  •  -,Ti'  :  a- 
in  measuring  eunipression  strengths:  the  ant  i -buck  1  i  ng  guid*  ,  used  i ::  i 

describe;.!  in  Ref  1,  gave  values  similar  to  those  for  the  short  un  •  -:•:**  r'i 
mens  when  used  in  a  very  rigid  V)0kN  test  machine,  hu#  tin  s.r.v  .■ :  '  i  -  *  .  I  : 
guide  used  in  a  smaller  less  rigid  machine  gave  values  si, -nit  :  ant  i  .  . 

a 

Must  of  \  he  work  on  impact  damage  used  the  dropweight  :  i  a".  i  <;u«  :  r-  m 

phase  1  which  is  described  in  Ref  1.  The  laminates  were  «.  I  raped  bo  r  i  -'on  r  a  !  ! 
ovt  r  a  100mm  internal  diamt  ter  circular  steel  support  .  Th«  imp.n  ;  v 
:  i  o  s  e  di.uneter  of  10  mm  was  dropped  through  !  n  (impact  vaiivity  -♦ .  •  >  "• 
tlie  c.-ntrc  of  tile  unsupported  area.  Tin-  incident  energy  was  a  i  t  •  r‘ .  .  up 
by  adjusting  the  mass  of  tin  impact  or. 

In  addition  ONI'RA  varied  the  area  supported,  from  fully  siip;vi  o.v: 

I  (JO  nun  diameter,  and  tin  drop  height  Iron  0.,’r)  :n  <2,2  :r./s)  to  .  :v 
DF’VI.R  did  some  work  with  a  modified  instrument  t\l  dropweight  apparatus,  -..m:: 
single  impacts  with  repeated  impacts,  and  varving  the  materials  and  t  he 
height.  Fig  '*  shows  ooinpar  i  sons  between  single  impacts  and  neeated  i  m  ;  •  • .  :  u 

various  energies,  and  t  In  efle.tr,  on  maximum  deflection  and  tone,  ei-  lur.t  a  a 
impact  .oul  maximum  fore*  during  impact.  The  repeated  impact  was  cent  i  .ueu  .  , 
penetration  occurred.  In  general  the  repeated  impaits  nunlmv  note  da***...-* 
greater  reductions  in  stiffness,  for  the  same  incident  •uerr.v.  K  i  .•  •»  '  *  h, 

similar  tests  on  a  (n,vt)l^  fabric  laminate  ant!  on  |0,  ut>,  *  « ') ,  u|  ^  1  trninai*  "  «  »■ 
carbon  fibre  plies  are  replaced  by  glass  I  ihre  plies  «>i  hv  . » r  h .  •  t  ,  :  tin.  :  ih,-i  . 
The  use  of  carbon  fibre  fabric  reduces  both  the  lead  arrvin  r.  a-  ;  •  c  ' 

energv  absorption  during  impact  .  The  glass  fibre  ia-.tu.oc  w  ;  'hi,  \  ■ 
a’.'u*  t'.mr  times  as  much  energv  as  the  carbon  t  ibr*-  It  mat*  !•»  r  ■  r.  • 

Fig  10  shows  i  hat  replacing  only  a  few  oj  the  larhun  ;  ibre  m '  i  ■  •  -  1  :  '•  • 

['lies  to  torn  hvb  rid  1  ami  i  a  t  ex  results  in  s  j  •  n  i  t  i  c  ant  i  :ic  t  •  i  -  :  -  •  »  •  •  '•  - .  : 

f  ion,  the  best  hvbrid  tested  being  wlen  the  •'* .leg  j  • !  i «  -  w»u-  la  ■:u.  •  .  !'• 

smaller  i  n « ■  return  t  in  energy  was  able  to  ‘different  u*  Si  iwr>  ■  :  »  >•  .  ■  •  a  . 

better  than  the  larger  impact  energv.  Fir  I  1  shows  tbit  r  a.  c  ’  .•  *  •  1  ' 
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fabrics  results  in  loss  energy  absorption.  Fig  I  2  shows  t  ho  penetration  energies 
tor  all  the  various  laminates  tested,  again  showing  the  benefit  >i  glass  fibres 
and  the  slight  embrittlement  produced  by  carbon  fibre  fabrics. 

6  IMPACT  DAMAGE 

The  damage  caused  bv  tb.e  dropweiglu  impact  on  *  he  various  laminates  is 
shown  in  Figs  i.i-dS,  Ln  Fig  Id,  front  and  bach  face  views  are  given  of  damage 
caused  bv  incident  energies  of  2-17  J  on  the  NLR  base  carbon  fibre  lamiivHo  and 
on  tlu  base  laminate  with  face  sheets  of  aramid,  glass  or  v\:rbon  fibre  fahri.o. 
The  base  lariin.il>-  siiowed  e>:  tensive  splitting  on  the  back  Me-  jr  |  o  d  ;;o  iV  12 
impact  was  not  carried  out.  The  fabric  face  sheets  all  res:  ii  :  ed  'be  u'e  > 
d..'i  4gt  on  the  back  face.  In  l  he  ARAM,  natiri.il  there  was  ru*  king  >•:  ’.a*  j  • 

slit.-  e  i  at  in*  id*nt  «  aerg  i  *-s  .greater  t  ban  b  i  -Fig 

V  i  •  s  Id  and  !  b  show  exanmlcs  of  the  damage  produced  be  :  he  M‘VM\  :r  : 

testing,  l  he  r.  strut  ion  of  the  *:  .mag*  bv  fabric  •  wn  ■  - 

:  i  bin  lamina' v  i  r.  Fig.  !  h  is  iransluu  :i!  atai  >  u  c.»r.  ,  in  »  :  d  ;  *  i  -  •  ■  * 

plv  splitting,  the  d  e  1  am  i  na  t  i  onr*  between  tit  various  ;>!  ies.  PM  hvhri  : 

i‘  i  o  ih,  vlu-ii  compared  with  the  similar  a  i  1  -earbon  fibre  !  ;r:  i  .-*»«•  o»  "i  •  • ,  w~ 

how  surface  plies  of  higher  strain  fibres  «  an  prevent  libro  fi  *  .ikm;'  ■  '  h«  hi  k 

f  r;  t  . 

Figs  If  t  r  id  Jo  show  u  1 1  ra-son  tc  f-si'.tns  >•  fne  MR  lamina**  .  J >•  u.: 
restriction  bv  the  fabrics  of  back  ply  splitting,  but  '  h.  v  sh.’w  tb.it  tlu  area:- 
internal  d e 1  am i na t  i on  are  about  the  same.  fi’«v;s  t  ion  i  breugj,  Mu  daman <  d 
re  •  ions  'Fig  :  M  show  that  a  1  t  hough  tlu-  areas  of  datvi-v  appear  i  o  he  similar  t  :n 

v.  ‘mage  is  less  sev  re  in  the  fabric  faced  sheets,  lln-  del  ami  nat  ion*  in  the  ARAM 

were  small  in  «v**et  din-  no  doubt  to  :  lie  t  hnughne  s  •  -•!  ‘  adhesive. 

Fi  M  and  I  show  <>NKRA  fl-s-ans  comparing  . lining  in  'I',  and  hdf|S  lamin- 

*’•  s.  The  areas  o  damage  v>  re  v«*rv  similar  in  tin-  two  -i.it  or  t  1 1  :• ,  Tin.-  orii-nta- 
fi-u-s  •>;  the  ''-scan  pal  n-rtm  di>  v  h.uc  tin-  b-  I  ?•::  i  na  f  ion-*  ext  mid  in  tin.-  directions 

•  ’  tie  !  i'»r.  s,  wn. • -n  s  f  i  l  :  s  in  t  M-n-  directions  allow.-  •:  i  go  i  f  i  c  mt  transfer  d 

DFVl  K  ;;  a  car-:  •  ’  i-  :  .iri-.n  <  !  >!»■  1 .  im  i  na  t  i  *ui  '.nd  broken  !  ihres  in 

1  i  ;  >  d  am?  '■ ,  ’  t  *  hi  -  it  i  *.  i  hr  i  •  .a*M  hvbrid  laminates.  This  shows  that 

r  1 1  .'hi  i  arf  •  \ :  a  -  s  produce  tin-  extensions  ei  d  i  1  »m  i  na  t  i  on  ,  whereas 

‘be  ■  arm  ’  ?  '  M.  .  n  ;  i  r  i »  '■  -  t mu- i  o*  slarnag.e  hut  onuses  it  to  be  more 

■••>  ■  v « i.  in  (  »  r*  s  •  >  '  ibr«  -  .  I  tn  •  :  s  •  .  :ibr<-s,  heiri.-  less  stiff  and  having 

>  r-  8  ’  »  r  strain  ♦  :  -  tv  .  *  » i  !  nr<  ,  :  r  i  ‘  h.  *h  the  area  <•:  lamination  and 


1 1 

.int  i  — 1  >  » t * k  1  in-.:,  eoide  and  t  hi 
e  r:r.  i  n  i  u*?.  wiu-tiier  failure  w.b. 

1  r  :>v  an  i  n t  an  i  1  i  i  v  .  hither 
Yu  "1.-IH  f  . 

ii.iJ  i  i  'nil’ir.int  d  !r.'t  . >n 

k.-d  t  o-.n-t  he  r  ,  ['  ±-.n  >  ,  n  ^  ]  ,  t  he 

a  a  oil  res  i  dim  \  t  *  ns  i  ]  e 
.-.ra  «.  i  ‘  :  t  :  v.,\  !>  1  an  t  ed  t  hi 

i  I  i  :  v  and  ;>rv  *  ipi  t  »t  ed  pff'aaL  irt1 
t  a  i a 'a  i  *  at  •<.*  ,  t  he  <  •  d  e  l:  y  e  e 
u-  a  row  viMi  tin-::;.  haniimte 
•.  n  v  ■  impress  ion  iril.  were  more 
•••  oj  ‘he  ;  doe  r i  e  plies  mi  the 
!  n  l  e  riv.ed  i  a  t. «  i :  spe  rs  i  on 

]  ?hrh  at  -o  .!•  trees  had  dot  i  into 
.1  Is  oi  the  intermediate  dispersion 
i  l  1 1.  !«•  e:  ; »  et  on  the  e empress  i ve 
s  -a.-ati.ms  showed  that  the  fahrie 
’edoe-m  tiu*  none  t  rat  i  on 
i  a  I  1  v  in  i  oiapross  i  ljii  .  The 
’  :  .! !  i  '  .  i  id  ■  n  •  at  0  .  '■»  "  strain. 

o ;  i’oi; l"  t  i  i.;«  •  int  he  etie  r 

•  nt  V  ..•••  i  :  t  .in*,*.  .  it  a  •  si  •  r*.  st  rh  u  J 

e  initial  i\  a;- 1  s  i  on  s  t  n  an  t  t:  s 
sL  r  i  ■  1 1 .  ■  i  i  ■  s  at  tor  i  -:na<  t  *v re  . 

•.  t  i  •:!  • '  =  n  t  dar.an.i- ,  :  a  i  d 

si  r i ■  1 1 ■  ■  l  : 1  s  i  «  ;n ■  t  ;  ■  ;>  i  ■  -  '.a  ! . 

•d  u'itvhe  r  .  •  I  i  ■  i  n  ail  r  :  <  .  -■ 

’  :"p  u  t  i  i  i’l  .'i  s  :;!.  i  . 

a  *  i  :>  i  .  a.  int  are,  ;  a.  -  i  t  a  . 

M<h  ■ 1 .  I  'i«  i  ;  ton- 1  •  and 


fill 
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In  the  laminates  containing  0  degree  plies  the  strains  were  small.  Sire 
concentrations  from  machined  notches  or  impact  damage  caused  a  marked  reduct  io 
in  the  static  strengths.  Subsequent  fatigue  however  produced  relatively  flat 
S-N  curves.  1  he  strains  needed  to  cause  fatigue  growth  were  close  to  tho*,e 
which  produced  static  failures.  In  (±45)  laminates  the  working  strains  w«  r«* 
greater,  and  the  S-N  curves  were  steeper.  Jn  this  case  the  stress  ra»i.«  w.r 
important,  reversed  loading  being  more  detrimental  than  compress  i  or-rempr«*ss  i  o 

Jin*  results  indicate  that  the  static  properties  of  fibre  reinforced  com¬ 
posites  are  significantly  affected  by  localised  stress  concentrations  like 
•letches  or  impact  damage,  whereas  the  fatigue  properties  are  more  dependent  on 
tin-  intrinsic  properties  of  the  laminates.  If  the  static  problems  are  alluvia 
ted  and  tiie  working  strains  increased,  then  fatigue  may  become  more  of  »  pro1' I 

Most  ot  the  information  on  the  impact  performance  of  fibre  reinforced  c« 
posite  is  empirical.  There  are  sufficient  data  to  draw  some  general  qua!  it  i- 
tive  i  one  1  us  ions ,  but  there  is  a  need  fur  quantitative  predictive  technique.-, 
both  •  ’ t  the  damage  formation  and  of  its  effect  on  residual  properties. 

There  is  also  s  need  for  improved  materials.  Home  improvements  car  no 
nk  r.  lit  orine  lay-ups  and  using  hybrid  laminates,  but  greater  idvanci  .  <h»- 
•  •uric  iron  materials  developments  and  from  the  imaginative  combinations  »■: 
it <.  r  i  1 1  %  in  nybrid  stiuctures. 

!  1  i  QNCl.fSlUNS 

Tiie  work  undertaken  in  phase  two  ol  this  programme  confirmed  the  f  indin 
j'l  phase  om-,  that  .'".-pact  damage  in  carbon  fibre  reinforced  composite  laminate 
i  an  red  ice  the  static  strengths  and  low  cycle  fatigue  strengths  si gn i f ic ant  1 y , 
especially  the  compress  i  ve  strength.  However,  subsequent  fatigue  loading  pro- 
d  i,  .  ■  flat  .  >  -  \"  curves  and  high  cycle  fatigue  strengths  are  similar  to  tin.se  ii 
mid  ima  g<  ■>  l  1  am  i  nates  . 

Some  improvement  s  can  be  made  to  the  impact  pert  onnaiu  e  bv  opt  i mi  s  i  1 !a::;i 
i  i  ■(  •  • 1  -iv  — iii’is  ml  by  the  u  e  -*1  surface  plies  I'.trli.in  or  g  ass  !  i  l>  tv  t  To 

‘-'.ore  significant  improvements  in  the  residual  static  ?  trengths  shoul  ’ 

;  roc,  i  improved  materials  properties,  sr  b  as  libre,  milrix  and  interlace  pr 
1  i.-s,  and  from  improved  structural  design.  Ibis  may  result  in  increased  Mtig 
.  e  n  s  i  t  i  v  i  t  v  . 

There  is  a  need  for  quantitative  techniques  to  predict  the  tonnation  d 
the  damage  and  l no  residual  strengths. 
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Fig  2 
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f  ig  2  Compressive  strengths  of  carbon  fibre  laminates,  2  mm  thick,  with  different 
stabilising  conditions  (RAE) 
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Fig  3 
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Fig  3  Ultrasonic  C  scans  of  notched  tensile  specimens  of  various  0,  4bi 
carbon  fibre  laminates  (RAEI 


Measured  parameters  from  instrumented  dropweight  mipai  t  tests  on  a  CFHP  laminate  (PFVLRI 
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Fig  8  Energy  absoi'^ed  during  dropweight  test  on  a  CFRP  mixed  warp  fabric  laminate 

(a)  single  drop 

(b)  repetitive  drop  (DFVLR) 
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F  ig  9  E  nergy  absorbed  during  dropweighl  test  on  a  C  F  RP  mixed  warp/fabric  laminate 
(al  single  drop 
(hi  repetitive  diop  (DFVLRI 


Figs  11&12 


Fig  1 1  The  effect  of  carbon  fibre  fabric  plies  on  the  energy  absorbed  during 
repetitive  dropweight  tests  on  CFRP  laminates  (DFVLR) 


Fig  12  Incident  energies  to  cause  penetration  in  single  and  repetitive  dropweight 
tests  on  various  CFRP,  GRP  and  hybrid  laminates  (DFVLR) 
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Fig  13  Photographs  of  impact  tested  laminates  iNLR) 


Fig  17  Ultrasonic  C  scan  images  of  impact  tested  laminates  (NLR) 
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Fig  19  Cross  sections  of  laminates  with  a  4  Joule  impact  (NLR) 
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Fig  20  Ultrasonic  C  scans  of  [(  45) 2 .  ^4^5  carbon  fibre  laminates  damaged  bv 
dropweigbt  impact  of  various  energies  {ON FRA) 


Fig  21 


Fig  21  Ultrasonic  C  scans  of  102,902!  s  carbon  fibre  laminates  damaged  by 
dropweight  impact  of  various  energies  (ONE  RA) 


Figs  22&23 
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Fig  22  Delaminated  areas  caused  by  dropweight  impact  on  various  CFRP. 
GRP  and  CFRP'GRP  hybrid  laminates  (DFVLR) 
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Fig  23  Amount  of  broken  fibres  caused  by  dropweight  impact  on  various  CFRP, 
GRP  and  CFRP/GRP  hybrid  laminates  (DFVLR) 


Fig  26 
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Compressive  fracture  strain  of  undamaged,  impact  damaged  and  fatigue 
tested  laminates  (NLR) 
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Fig  29  Ultrasonic  C  scans  of  (0,  •  45)  carbon  fibre  laminates  after  5.1  dropweight 
impact  and  tensile  test  to  failure  (RAE) 


Fig  30 


Fig  30  Ultrasonic  C  scans  of  (0,  451  carbon  fibre  laminates  attei  5J  diopweight 
impact  and  compressive  test  to  failure  (FtAEI 


1000 


Fig  31  Effect  of  hybrid  fabric  plies  on  the  residual  strengths  of  2mm  thick  carbon 
fibre  laminates  after  impact  (RAE) 
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Fig  43  Fatigue  curves  (R  -1)  for  undamaged  and  impact  damaged  carbon  fibre 
laminates  (DFVLR) 
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